The Himalayan mountain range has played a dual role in shaping the genetic landscape of the region by (1) delineating east-west migrations including the Silk Road and (2) restricting human dispersals, especially from the Indian subcontinent into the Tibetan plateau. In this study, 15 hypervariable autosomal STR loci were employed to evaluate the genetic relationships of three populations from Nepal (Kathmandu, Newar and Tamang) and a general collection from Tibet. These Himalayan groups were compared to geographically targeted worldwide populations as well as Tibeto-Burman (TB) speaking groups from Northeast India. Our results suggest a Northeast Asian origin for the Himalayan populations with subsequent gene flow from South Asia into the Kathmandu valley and the Newar population, corroborating a previous Y-chromosome study. In contrast, Tamang and Tibet exhibit limited genetic contributions from South Asia, possibly due to the orographic obstacle presented by the Himalayan massif. The TB groups from Northeast India are genetically distinct compared to their counterparts from the Himalayas probably resulting from prolonged isolation and/or founder effects.
INTRODUCTION
The Himalayan mountain range encompasses an unparalleled landscape featuring some of the planet's highest peaks providing a formidable barrier separating the Tibetan plateau from the Indian subcontinent. 1 The region also constitutes an ethnic and linguistic contact zone as it marks a crossroad of three different religions (Islam, Hinduism and Buddhism) and two language families (Indo-European and Sino-Tibetan), with Sino-Tibetan partitioning into the Chinese and Tibeto-Burman (TB) subfamilies. Speakers of the latter represent the majority of the Himalayan inhabitants whereas the Indo-Europeans are restricted to the south of the cordillera.
The geo-political partitioning of TB-speaking groups include Tibet, Nepal, Northeast India, Bhutan, Burma and parts of Southeast Asia. 2 Two opposing views on the origin of TB populations have been proposed. Both models invoke demic diffusion for the dispersal of the language subfamily. Su et al. 3, 4 postulate the upper and middle Yellow River basin as the ancestral source of TB people. In contrast, van Driem 5, 6 argues for the Yangtse River in Sichuan province as the homeland of TB speakers, with subsequent northward migrations to the fertile plains of the Yellow River valley where Neolithic civilizations flourished.
Our recent study on Y-chromosomal diversity in the Himalayan populations of Nepal and Tibet revealed high frequencies of East Asian-specific haplogroup O3a5-M134, congruent with earlier reports on TB groups, 4, 7, 8, 9 suggesting a common ancestry for this language subfamily. 1 This investigation also revealed elevated levels of South Asian-derived Y-haplogroup R1a1-M198 in the Nepalese populations of Kathmandu and Newar, indicating significant genetic influences from the Indian subcontinent, whereas the Himalayas served as a barrier to gene flow from the south into the Tibetan plateau. 1 These findings are consistent with a recent mtDNA study, 10 which reported reciprocal maternal gene flow between India and Nepal.
On the other hand, previous Y-chromosome studies characterizing the Tibetan people 4, 11, 12 argue for Central Asian genetic contributions to account for the presence of Asian-specific YAP (Y Alu polymorphism) chromosomes (D-M174) in the plateau. Haplogroup D-M174 lineages are found at appreciable frequencies in the Andaman Islands of the Indian Ocean 13 but only minimally in all East Asian populations with the exception of Japan. 1, 4, 11, 12, 14, 15 Distinctive D-M174 subclades are observed in the Andaman Islands (D-M174*) and Japan (D2-M55), whereas Tibetans exhibit haplogroups D1-M15 and D3-P47.
In addition to the demic diffusion scenarios portrayed by linguistic and genetic studies, [4] [5] [6] Aldenderfer and Yinong 16 have proposed an acculturation mechanism to explain the spread of Neolithic civilizations throughout northwestern Tibet. The authors deem it unlikely that agricultural migrants from relatively low elevations in the eastern plateau acclimated to the alpine and desert steppes of the Changtang (northwestern Tibet) considering the physiological stresses imposed by the high altitudes. As a result, they find it more plausible for cultural and not migration to be the mechanism leading to the nomadic pastoralism currently practiced in the region.
Northeast Indian populations have been extensively studied due to their strategic location as well as their socio-cultural and linguistic diversity. 9, [17] [18] [19] [20] [21] [22] This region, bordered by the Himalayas to the north and the Bay of Bengal in the south, connects the Indian subcontinent to East Asia. In a recent autosomal microsatellite study, the genetic affinities present among TB groups from Northeast India 21 have been ascribed to geographic contiguity rather than linguistic affiliation. The same group suggested that, given its geographical proximity, Burma most likely provided the source population for the Manipur and Tripura territories, whereas those from the northern region (Arunachal Pradesh, Mizoram and Sikkim) have been populated primarily by Tibetans. 21 Unfortunately, the study did not incorporate both probable parental source populations to assess their phylogenetic relationships to the Northeast Indian groups. Other studies based on Bhutanese and Nepalese Y-STR profiles revealed isolation and drift among these Himalayan collections, with a pronounced effect of drift observed in Bhutan. Nevertheless, haplotype sharing indicates possible gene flow between them or from a common source population. 23, 24 Autosomal STRs are selectively neutral, hypervariable markers that vary solely on the basis of mutation and drift. 25 They are distributed throughout the genome and biparentally inherited, as opposed to the uniparental Y-chromosome and mtDNA polymorphisms, providing a more holistic representation of the evolutionary and migratory events that have shaped modern populations. These attributes endow them with the high resolution necessary to assess phylogenetic relationships among closely related human groups. [26] [27] [28] [29] Although several studies related to the Tibetan population utilizing autosomal markers have been previously published, [30] [31] [32] [33] [34] [35] the current project is the first of its kind to perform comprehensive phylogenetic analyses in a statistically significant sample size. A set of 15 autosomal STR loci was employed to characterize three populations from Nepal (Newar, Tamang and Kathmandu) as well as the general populace from Tibet. These collections were compared to previously published geographically and ethnically targeted groups from East Asia, South Asia and Southwest Asia in an attempt to establish genetic relationships among them.
This study aims to provide information on the genetic origins of Tibetan and Nepalese populations. Our results suggest that these Himalayan populations are of Northeast Asian ancestry and that the Kathmandu and Newari collections have been significantly influenced by subsequent gene flow from South Asia. However, the genetic contribution of this latter region to the Tamang and Tibet is negligible, probably due to the physical barrier presented by the Himalayan massif. It is noteworthy that the three Nepalese populations (Kathmandu, Newar and Tamang) display strong genetic differentiation despite sharing close geographic confines, underscoring the need for studies of anthropologically well-defined ethnic groups. A second objective is to assess the phylogenetic relationships between our Himalayan populations and Northeast Indian TB peoples. Contrary to previously published Y-chromosome data, 9 our work indicates that Northeast Indians are genetically distinct from the Himalayan and East Asian collections, a disparity that may be attributable to male founder effects.
MATERIALS AND METHODS

Sample collection and DNA isolation
Blood samples were collected with informed consent from 341 unrelated individuals from Tibet (153) and three populations from Nepal (188), namely Tamang (45), Newar (66) and Kathmandu (77). The ancestry of every person was recorded for a minimum of two generations. With the exception of the people of Kathmandu, who speak an Indo-European language (Nepali), members of the three other collections are TB speakers. The geographic locations of the populations are shown in Figure 1 . Sample collections were performed in accordance with the ethical guidelines put forth by the institutions involved in this study. DNA was extracted by the standard phenolchloroform and ethanol precipitation method as described in Antunez de Mayolo et al. 36 and stored at À80 1C. Figure 1 Geographic locations of the Himalayan and reference populations examined in this study.
On the genetic origins of the Tibeto-Burman populations of the Himalayas T Gayden et al DNA amplification and STR genotyping DNA samples were amplified at 15 autosomal STR loci in a multiplex reaction using the AmpFlSTR Identifiler kit. 37 PCR amplification was performed in a GeneAmp PCR System 9600 thermocycler 37 following the cycling conditions described elsewhere. 26, 27 Amplicons were separated by multi-capillary electrophoresis in an ABI Prism 3100 Genetic Analyzer 37 and ABI program Genescan 500 LIZ was utilized as an internal size standard. The Genescan 3.7 program was employed to determine the fragment sizes and alleles were designated by comparison to an allelic ladder from the manufacturer using Genotyper 3.7 NT software.
Statistical and phylogenetic analyses
STR allelic frequencies were calculated utilizing the GENEPOP program in the web software v3.4. 38 The Arlequin software package version 2.000 39 was employed to estimate observed and expected heterozygosities (Ho and He, respectively) as well as to determine gene diversity indices (GDI). Several parameters of population genetics interest, including power of discrimination (PD), matching probability (MP), polymorphic information content (PIC), power of exclusion (PE) and typical paternity index (TPI) were obtained with the PowerStats program version 1.2. [40] [41] [42] Allelic frequencies of the four collections in the current study as well as the reference populations (Table 1) were utilized to generate Neighbor Joining (NJ) dendrograms based on Nei's genetic distances for two different datasets involving 15 and 13 STR loci, respectively, using the PHYLIP v3.6 program. 55 D2S1338 and D19S433 were excluded for the 13 loci analyses (from the 15 loci set) as the data for these loci were not reported for all reference populations.
The robustness of the phylogenetic relationships established by the NJ tree was assessed using bootstrap analysis with 1000 reiterations. Correspondence Analyses (CA) were also performed with the two sets of 15 and 13 STR loci with the NTSYSpc-2.02i software. 56 Pairwise comparisons were conducted to ascertain genetic affinity between a given pair of populations with the Carmody program's G test 57 involving 100 000 simulations. The Bonferroni correction was applied to account for the possibility of Type I errors resulting for the multiplicity of the tests performed. The DISPAN program 58 was employed to compute inter-, intra-and total population variance (Gst, Hs and Ht, respectively) at the level of 13 STR loci. The populations analyzed were classified based on their geographical distributions as displayed in Table 1 . In addition, DISPAN was utilized to calculate the average heterozygosity for each population.
Admixture estimations were generated by a Weighted Least Squares (WLS) method 25, 59 using the Statistical Package for the Social Sciences (SPSS) 14.0 software. The WLS model calculates admixture proportions based on the following equation:
where p ih is the frequency of the ith allele in the hybrid population, p ij represents the frequency of the ith allele in the jth parental group (j¼1, y., J), m j is the proportionate contribution of the jth parental gene pool to the hybrid population, and P j m j ¼1 (where, 0pm j p1). Table 2 . Only the Kathmandu and Bangladesh pair displayed non-significant genetic differences (G¼186.0376, P¼0.1139) from a total of 171 pairwise population comparisons at a¼0.05. However, after applying the Bonferroni correction (a¼0.05/171¼0.0002924) several comparisons yielded additional statistically insignificant co-relationships (Table 2) . Pairwise analyses using the 13 STR loci dataset generated similar results to those using 15 loci with the exception of an additional statistically insignificant populations pair (Iran/Punjab) (data not shown).
Admixture proportions were generated for the five Himalayan populations, namely Tibet, Tamang, Newar, Kathmandu and Bhutan using Northeast Asia, Southeast Asia, South Asia and Southwest Asia as parental populations (Table 3) . When examining the genetic contributions from the parental groups, Northeast Asia arises as the major donor to Tibet (63.4%), Tamang (59.7%) and Newar (44.7%) and also contributes considerable proportions of the Bhutan (41.1%) and Kathmandu (22.3%) gene pools. Bhutan (44.3%), on the other hand is mainly influenced by Southeast Asia whereas relatively low inputs from the same region were observed in Tamang (29.0%), Tibet (21.1%) and Kathmandu (5.4%). In contrast, Kathmandu (63.3%) and Newar (41.5%) are primarily affected by the South Asian group, whereas the latter impacts the other Himalayan populations only minimally (Tibet 2.7%) or not at all (Tamang, 0.0% and Bhutan, 0.0%). All of the Himalayan collections experienced similar levels of gene flow from Southwest Asia (9-15%).
Inter-population diversity: 13 CODIS core STR loci analyses To compare our Himalayan populations to TB groups from Northeast India and other Asian populations, allelic frequencies from the 13 CODIS STR loci shared among 25 collections were employed to perform additional phylogenetic analyses. Three well delineated groupings are apparent in the CA plot (Figure 3 ): the Northeast Indian assemblage (except for the Naga) in the lower right quadrant, the Southwest Asians with some South Asian populations in the lower left portion and the Himalayan/Northeast/Southeast Asian aggregate (except for Kathmandu and Newar) in the upper half of the graph. The NJ dendrogram ( Figure 5 ) supports the information provided by the CA plot with the exception of three Himalayan groups (Tibet, Tamang and Bhutan) which form a sister clade with the Northeast Indian populations. Interestingly, populations within this Himalayan and Northeast Indian cluster belong to the same TB language subfamily.
Inter-and total population variance (Gst and Ht, respectively) are reported in Supplementary Table 6 . South Asia displays the highest Gst (0.0222) while also sharing the greatest Ht values (0.7894) with the All-population group. In contrast, Northeast Asia exhibits the lowest Gst and Ht diversities (0.0036 and 0.7740, respectively). The Himalayan populations possess intermediate Gst and Ht values (0.0120 and 0.7811, respectively).
DISCUSSION
In this study, 15 autosomal STR loci were typed in three Nepalese populations (Tamang, Newar and Kathmandu) and in a general collection from Tibet to investigate their genetic ancestry and phylogenetic relationships to other TB communities and worldwide populations. This work improves on an earlier study 54 by examining ethnic groups from Nepal that are anthropologically well-defined. Further- On the genetic origins of the Tibeto-Burman populations of the Himalayas T Gayden et al more, this report complements previous Y-chromosome data 1 thereby providing a comprehensive analysis of the genetic diversity in the Himalayas. On average, the Himalayan populations (Newar, Kathmandu, Tamang and Tibet) possess 126 alleles whereas Northeast, Southeast and the South Asian populations examined in this study average 151, 140 and 137 allelic variants, respectively. The lower genetic diversity of the Himalayan collections is also reflected in their relatively reduced average heterozygosity values (0.7862) when compared to those of Northeast Asia (0.7890), Southeast Asia (0.7907) and South Asia (0.8009). Of the four, Tamang displays the lowest genetic variance reflected in both its average gene diversity index value (0.7632) and average heterozygosity value (0.7702), a characteristic echoed in its limited Y-chromosomal diversity. 1 The inter-population diversity (Gst) (Supplementary Table 6 ) among the Himalayan cluster (0.0120) is considerably higher than in Northeast (0.0036), Southwest (0.0053) and Southeast Asian (0.0068) populations but is lower than among the South Asian collections (0.0222) and the All-populations group (0.0196). The concurrence of limited heterozygosity and elevated Gst value in the Himalayan populations could be results of multiple genetic sources, genetic drift and/or founder effect. In addition, selective pressure and adaptation to high altitudes, possibly in combination with inbreeding and patrilocality, could also promote homozygosity and genetic differences among the populations. The relatively high Gst value observed among the South Asians is also reflected in the disperse partitioning of the Northeast Indian populations in the CA plot ( Figure 3 ) and may reflect known socio-cultural and genetic barriers. High degree of genetic differentiation resulting from various source populations may account for the greater variance among Himalayan populations in comparison to the Northeast, Southeast and Southwest Asian assemblages.
It is noteworthy that all three Nepalese groups not only exhibit considerable genetic diversity among themselves but also with respect to the general population of Nepal (Figures 2 and 3) . Kathmandu plots closer to the South Asian groups while still maintaining genetic proximity with the Himalayan and Northeast Asian clusters (Figures 2 and 3) . Pairwise G-test comparisons between Kathmandu and Bangladesh (G¼186.0376, P¼0.1139) and Kathmandu and Pakistan (G¼213.5188, P¼0.0014) are statistically insignificant, after application of Bonferroni correction, indicating some degree of genetic homogeneity between these South Asian and Nepalese populations. Although Newar segregates from all other populations at the periphery of the upper left quadrant in the 15 loci CA graph (Figure 2 ), its location is intermediate between the South Asia and other Himalayan collections in the NJ phylogram (Figure 4) . It is possible that the Newari population (an ethnic minority) has been subject to genetic isolation and drift generating this divergent phylogenetic profile. Conversely, genetic impacts from distinct source populations may have contributed to Newar's unique genetic partitioning. The latter possibility is also reflected in a previous study 19 based on 11 genetic markers (blood groups, red cell enzyme and serum proteins) in which Newaris were found to cluster with two geographically distant Manipuri groups from Northeast India in the NJ tree rather than with Tamang and Gurung, both of Nepalese descent.
The admixture profiles (Table 3 ) reveal a substantial proportion of South Asian genes (63.3%) in Kathmandu as compared to Northeast Asia (22.3%), supporting the relationships illustrated by both the G test and CA plot. Newar, on the other hand, experienced similar contributions from both regions (44.7 vs 41.5%), possibly accounting for its equidistant positioning to these groups of populations in the 
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The G statistics and P-values occupy the upper and lower levels of the diagonals, respectively.
P-values in bold and italics represent statistically insignificant differences before and after applying the Bonferroni correction, respectively.
On the genetic origins of the Tibeto-Burman populations of the Himalayas T Gayden et al CA plot (Figure 3 ) and the NJ tree ( Figure 4 ). The South Asian influence in the Nepalese populations may be associated with the entry of Aryans from the Indian plains who introduced the IndoEuropean language (Nepali) in the Kathmandu valley. A recent mtDNA study 10 also reported reciprocal maternal gene flow between North India and Nepal. These results are consistent with the elevated levels of Y-haplogroup R in Newar (62.1%) and Kathmandu (46.7%), which are most likely derived from South Asia, particularly North India, given the geographic vicinity as well as the historical and sociocultural affinities shared between these two neighboring regions. 1 In contrast, Tamang and Tibet exhibit minimal percentages of Y-haplogroup R (8.8 and 2.5%, respectively), indicating that the Himalayas served as a formidable orographic barrier to gene flow from the south. 1 Findings from the current investigation lend support to the aforementioned statement as admixture results reveal a null contribution from South Asia to both Tamang and Bhutan and only a minor genetic impact onto the Tibetan collection (2.7%). The absence of the South Asian signature in the gene pools of Tamang and Bhutan may be the result of geographic isolation and/or founder effects from another source population(s). Close genetic ties have been reported between the Tamang and Tibet. 1 It is likely that Tamangs are descendants of Tibetans who migrated south and settled in the southern region of the Himalayan range. 1 This affinity is reflected in both CA plots (Figures 2 and 3 ) and NJ dendrograms (Figures 4 and 5) . The Tibetan connection to the Tamang is also evident in their shared cultural and religious practices. The partitioning of these two populations with Bhutan and their proximity to the general collection from Nepal (Figures 2-5 ) may be associated with Neolithic migrants carrying Y-haplogroup O3a5-M134, an East Asian-specific marker, shared among TB populations. 1, 3, 4, 9, 60 The Himalayan populations, with the exception of Newar and Kathmandu, segregate close to the Northeast Asian cluster in agreement with the admixture analyses results (Table 3) . Northeast Asia is the major contributor to both Tibet (63.4%) and Tamang (59.7%) whereas Newar (44.7%) and Bhutan (41.1%) received equivalent percentages, followed by Kathmandu (22.3%). These results corroborate studies indicating a shared common ancestry between Tibet and the Northeast Asian collections of Japan and Korea by a variety of marker systems, including classical, 61, 62 autosomal, 63 Y-chromosome 1, 12, 64, 65 and mtDNA. 12, 64, 66, 67 On the genetic origins of the Tibeto-Burman populations of the Himalayas T Gayden et al
More than half of the Tibetan men possess the YAP polymorphic Alu insertion in their Y-chromosome which is believed to have originated in Central Asia, 1, 4, 11, 14 although its source remains highly debated. 64, 68, 69 In this study, however, given the lack of representative Central Asian populations due to the paucity of the data available from the region, no clear connections were made between Tibet and its possible Central Asian genetic contributors. Afghanistan is the sole Central Asian collection included in the analyses and appears to make no contributions to any of the Himalayan groups except for a minor influence in Kathmandu (12.9%).
To evaluate the genetic relationships between the Himalayan collections and the neighboring TB-speaking populations at the regional level, six Northeast Indian TB groups were included in the phylogenetic and statistical analyses performed using the 13 core CODIS STR loci. These Northeast Indian TB groups map distantly from both the Himalayan and East Asian populations in the CA graph (Figure 3) , inconsistent with previous Y-chromosome and mtDNA studies which report a high degree of genetic homogeneity between Himalayan and Northeast Indian TB groups. 3, 4, 9, 70 The discrepancy observed between Y-chromosome and microsatellite polymorphisms in the Northeast Indian TB groups may be explained by a male founder effect from Northeast Asia and their subsequent genetic isolation for an extended period of time following their arrival. 9 Altogether, our results suggest a Northeast Asian ancestry for the Himalayan populations with subsequent genetic admixture in Figure 5 Neighbor Joining (NJ) tree based on Nei's genetic distances generated using allele frequencies from the 13 CODIS core STR loci. The numbers at the nodes represent bootstrap values estimated from 1000 replications.
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